Epigenetic marks regulate gene expression and suppress transposon activity. Methylation of histone 3 at lysine 4 (H3K4) and H3K9 are among the most highly conserved epigenetic marks that correlate well with gene activation and gene silencing, respectively, in plants, animals and fungi 1 . One, two or three methyl groups may be added to lysine, and these different methylation states often have different functions.
. Most cytosine methylation in N. crassa is restricted to the remaining Cs in these mutated regions, though traces are found in other sequences including bona fide genes [12] [13] [14] . Cs in both symmetrical and asymmetrical sequences are methylated 14, 15 . Therefore, maintenance of this methylation pattern in vegetative cells is potentially more complex than that for symmetrically methylated DNA, which is 'remembered' via hemimethylated sites that result from replication. It was demonstrated that although 'maintenance methylation' (some form of a copying mechanism) can occur in N. crassa 16 , it is not completely sequence-independent and the vast majority of methylation in the wild-type genome results from reiterativ e de novo methylation in vegetativ e cells 17 .
A unidirectional pathway from histone to DNA methyl ation. A key advance in understanding how cytosine methylation is established in vegetative cells of N. crassa came with the identification of a mutation that abolished 
Bromo adjacent homology domains
(BAH domains). Another type of reader module that targets histone lysine methylation marks.
Hemimethylated sites
DNA sequences that are methylated on only one of the two complementary DNA strands.
DNA methylation and mapped to a gene, dim-5, which was predicted to encode a H3K9 methyltransferase 18 . Several experiments established that DIM-5 is responsible for trimethylation (not dimethylation) of H3K9 and that this modification is required for DNA methylation in this organism [17] [18] [19] . DIM-5 recognizes the AT rich-sequences resulting from RIP as part of a complex known as DCDC, which comprises DIM-5, DIM-7, DIM-9, CUL4 and DDB1 (DNA damage-binding protein 1) 20 . DIM-7 is specifically required to recruit DIM-5 to chromatin 21 ( FIG. 1b) , but the exact mechanism by which the signal created by the RIP pathway is recognized by DCDC is not yet understood.
H3K9 methylation by DIM-5 is regulated by several factors, such as protein complexes including histone deacetylases, chromodomain proteins and a putative histone demethylase 22, 23 . After the H3K9me3 mark has been incorporated into the histones associated with RIP affected sequences, this mark must be read and relayed to the DNA cytosine methyltransferase, DIM-2. Heterochromatin protein 1 (HP1), which forms a complex with DIM-2, plays a central role as it functions as an adaptor (FIG. 1b) . The chromodomain of HP1 recognizes H3K9me3 and its chromo-shadow domain interacts with the two PXVXL-related domains of DIM-2 (REF. 24 ). Knock out of the hpo gene, which encodes HP1, leads to complete loss of DNA methylation, indicating its essential role in DNA methylation 25 . Moreover, this pathway is unidirectional, from histone methylation to DNA methylation via HP1, as knock out of either hpo or dim-2 has little effect on histone methylation 17 .
Methylation links in Arabidopsis thaliana
In A. thaliana, cytosines are also methylated in all sequence contexts [26] [27] [28] ; however, two distinct methyl ation patterns have been observed. Heavy cytosine methylation in all sequence contexts is observed in transposable elements, which are found primarily in the peri centromeric heterochromatin, but also in small patches in euchromatin. Methylation at CG residues only is observed in the exons of approximately one third of transcribed genes and is referred to as gene body methyla tion 26, 27 . Transposable element methylation results in trans criptional silencing, whereas gene body methylation is correlated with moderatel y high transcription.
DNA methylation is established de novo by the RNA-directed DNA methylation (RdDM) pathway and maintaine d by three pathways.
Enzymes for DNA and histone methylation. In A. thaliana there are seven DNA methyltransferase encoding genes: domains rearranged DNA methylase 1 (DRM1) and DRM2; chromomethylase 1 (CMT1), CMT2 and CMT3; methyltransferase 1 (MET1) and MET2 and fifteen putative H3K9 methyltransferase encoding genes (SUVH1-10 and SUVR1-5) 3, 29 . Four DNA methyltransferase genes have been genetically shown to be active (DRM2, CMT2, CMT3, MET1) [30] [31] [32] [33] and three histone methyltransferases are responsible for the majority of H3K9 methylation (the SU(var)3-9 homologues KRYPTONITE (KYP; also known as SUVH4), SUVH5 and SUVH6) 34, 35 . In addition, two catalytically inactive homologues (SUVH2 and SUVH9) have a key role in RdDM [36] [37] [38] [39] . CMT3 prefers hemimethylated CHG sites, consisten t with it being a maintenance methyltransferase 41 .
MET1 functions strictly as a maintenance pathway for CG methylation at all sites in the genome and is not dependent on histone methylation. We first discuss the CMT2-CMT3 pathway as it has the most direct link to histone methylation.
Direct links between CMT2-CMT3 and KYP histone methylation. Historically, the first indication that histone and DNA methylation were linked in Arabidopsis spp. was provided by the discovery of the chromo domaincontaining DNA methyltransferase CMT3, which is responsible for CHG methylation 31, 32 . Subsequently, it was found that mutation in the KYP gene also reduced CHG methylation [42] [43] [44] , placing histone methylation upstream of CHG methylation. However, this pathway turned out to be more complex than in N. crassa as knockout of CMT3 also resulted in reduction in histone methylation 40, [45] [46] [47] . These and subsequent studies have provided support for a self-reinforcing loop between histone and DNA methylation 34, 48, 49 (FIG. 2a) .
The primary sequence of CMT3 contains a unique arrangement of three domains: an amino-terminal BAH domain, a carboxy-terminal DNA methyltransferase domain and a chromodomain embedded within the DNA methyltransferase domain 50, 51 (FIG. 2b) .
The structure of maize ZMET2 (REF. 52 ), which is an orthologue of A. thaliana CMT3, revealed a unique triangular-shaped scaffold 41 (FIG. 2c) . The BAH and the chromodomains align along two edges of the centrally positioned DNA methyltransferase domain, despite the chromodomain being embedded within the DNA methyltransferase domain in the primary sequence 41 . Isothermal titration calorimetry (ITC) binding studies of either ZMET2 or CMT3 with H3K9me2-containing H3 peptides indicated that both proteins contain a pair of H3K9me2 binding sites 40, 41 . The structure of ZMET2 with H3K9me2-containing peptides of different lengths established that both the BAH and chromo domains contain H3K9me2 binding sites (FIG. 2c) . Both domains recognize the H3K9me2 peptide involving a classical binding model whereby the K9me2 side chain specifically inserts into and is anchored within aromatic cages (FIG. 2d,e) , while the main chain of the bound peptide forms extensive hydrogen bonding interaction with the protein 41, 53 .
Importantly, the H3K9me2-containing peptides are bound to both BAH and chromodomains with directionality such that the C terminus of the bound peptides are directed towards the catalytic centre of ZMET2, while the N terminus of the peptides extend out towards the solvent 41 (FIG. 2c) . The parallel orientation of the two peptides raises the possibility that the BAH and chromo domains can simultaneously recognize a pair of H3K9me2 containing tails associated with either the same or adjacent nucleosomes. Indeed, disruption of the aromatic cage of either the BAH or the chromodomain results in a substantial loss of in vivo CHG methylation, while the in vitro DNA methyltransferase activity remains unchanged 41 . This observation indicates that both the BAH and chromodomains are essential for the in vivo function of CMT3, showing that the enzyme requires both H3K9me2 binding domains for in vivo targeting of the protein.
In plants, the KYP protein possesses an N-terminal SRA domain capable of recognizing methylated DNA and C-terminal pre-SET (Su(var)3-9, Enhancerof-zeste and Trithorax), SET and post-SET domains, which adopt a typical histone methyltransferase fold 42, 43, 48 (FIG. 2f) . In a recently reported crystal structure of KYP in complex with methylated non-CG DNA, cofactor SAH and unmodified H3 peptide substrate (FIG. 2g) , the SRA domain of KYP forms a positively charged surface cleft to accommodate the methylated DNA: the methylated cytosine is flipped out from the DNA duplex and inserted into the pocket within the SRA domain 54 (FIG. 2h) . The histone peptide and co factor SAH are positioned in between the SET and post-SET domains 54 (FIG. 2i) . The position of the SRA domain relative to the SET domain is the same in both the KYP complex and the free-form structure of KYP homologue SUVH9, suggesting there is no significant conformational change in KYP upon binding of DNA and histone substrate 37, 54 . The methylated DNA thus may serve as a platform for recruitment of KYP to nucleosomes, with subsequent methylation of the H3 tail. This simple system allows for a reinforcing loop that requires no adaptors. KYP and CMT3 do not interact directly with each other, but rather bind to epigenetic marks that are installed by the other partner in the feedback loop 41, 52, 54 (FIG. 2a) .
More recently, a second chromomethylase gene, CMT2, was discovered to be active and responsible for the majority of methylation at CHH sites in pericentromeric heterochromatin 40, 55 . Knocking out the three major H3K9 methyltransferases, kyp, suvh5 and suvh6, eliminates CMT2-and CMT3-dependent DNA methylation genome-wide, indicating that these enzymes are completely dependent on H3K9 methylation for binding to their target sites 56 (FIG. 2a) .
Biochemical studies have revealed that CMT2 can specifically recognize H3K9me2 peptides with a 1:2 molar ratio, indicative of a dual recognition mode similar to that of CMT3 (REF. 40 ). However, in vitro binding studies revealed that CMT2 prefers H3K9me2 over H3K9me1, whereas CMT3 has no preference. These observations suggest that although the BAH and chromodomains of Nature Reviews | Molecular Cell Biology CMT3) and CMT2 and KRYPTONITE (KYP) in CHG and CHH methylation, respectively, and H3K9me2 methylation. CMT3 and CMT2 are targeted by H3K9me2, which catalyses the transfer of a methyl group to CHG and CHH sites on the DNA in the corresponding region. Similarly, the CHG and CHH methylation mark can be captured by KYP, which then catalyses the transfer of a methyl group to H3K9 of nearby nucleosomes, creating the binding sites for CMT3 and CMT2 to establish the reinforcing loop. b | Domain architecture of CMT3 in a colour-coded representation. c | A superposed composite structural model of ZMET2 (the maize homologue of CMT3) in complex with H3K9me2 peptide and modelled DNA (based on the RCSB protein databank (PDB) codes: 4FSX, 4FT2, 4FT4 and 4DA4). The bromo adjacent homology (BAH), DNA methyltransferase, and chromodomains are coloured in green, purple, and cyan, respectively. The bound peptide and cofactor SAH are shown in space-filling representations, and modelled DNA is magenta ribbon representation. d | The aromatic residues Phe441, Trp466, and Tyr469 of the ZMET2 chromodomain form an aromatic cage for recognition of the H3K9me2 in a methyllysine-dependent manner. e | The aromatic residues Tyr203, Trp224, and Phe226 of the ZMET2 BAH domain form an aromatic cage for recognition of H3K9me2 in a methyllysine-dependent manner. f | Domain architecture of Arabidopsis thaliana KYP in a colour-coded representation. g | A ribbon representation of the crystal structure of KYP in complex with methylated non-CG DNA, cofactor SAH, and unmodified H3(1-15) substrate peptide (PDB codes: 4QEN, 4QEO, and 4QEP). The amino-terminal 2-helix bundle, SRA (SET-and RING-associated), pre-SET, SET, and post-SET domains of KYP are coloured in orange, cyan, green, magenta and brown, respectively. The bound methylated DNA, cofactor SAH, and peptide substrate are shown in salmon ribbon, lilac stick, and space-filling representation, respectively. h | Structural basis underlying specific recognition by the SRA domain of the flipped out 5mC base of the bound methylated DNA. The base is stacked between two tyrosine residues from the top and bottom directions. The Watson-Crick edge of the 5mC forms several hydrogen bonding interactions with the surrounding residues as indicated by dashed red lines. The methyl group of 5mC is accommodated within a small hydrophobic pocket. i | The peptide substrate and cofactor SAH are embedded in between the post-SET and SET domains. The to-be-methylated lysine forms several hydrogen-bonding interactions with important tyrosine residues as shown by dashed pink lines.
Epiallele
An allele that differs in its epigenetic marks, not in its DNA sequence.
CMT2 and CMT3 are very similar, they have different binding specificities. ChIP-seq was used to analyse histone methylation genome wide, and it was found that CMT2 sites are enriched in H3K9me2, suggesting that the number of methyl groups on H3K9 may determine which DNA methyltransferase is recruited 40 .
Further analysis of mutants revealed that elimination of all non-CG methylation (such as organisms with mutations in drm1, drm2, cmt2 and cmt3 (ddcc mutants)) also resulted in total loss of all H3K9 methylation 40 . This suggests that KYP, SUVH5 and SUVH6 bind specifically to non-CG methylation sites through their SRA domains, as observed in vitro 48, 54 . The observations that eliminating non-CG methylation results in loss of all H3K9 methylation, and that eliminating all H3K9 methylation results in loss of all non-CG methylation, confirms the reinforcing loop model (FIG. 2a) .
Indirect DNAhistone methylation links during RdDM.
Many of the small methylation patches in euchromatin are maintained by the reiteration of the de novo methylation RdDM pathway 57 (FIG. 3a) . There are two main steps in this pathway that lead to the recruitment of DRM2, and that involve pre-existing methylated h istones and DNA.
In the first step, 24-nucleotide siRNAs are synthesized by the concerted actions of RNA POLYMERASE IV (Pol IV, also known as NRPD), RNA-DIRECTED RNA POLYMERASE 2 (RDR2) and DICER-LIKE 3 (DCL3) 58 . This key step in RdDM is dependent on the function of SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1) [59] [60] [61] , which can bind to methylated H3K9 tails. The SHH1 protein was identified as a Pol IV-interacting factor that is required for the generation of siRNAs at a subset of sites 59 as well as in a forward genetic screen 62 . SHH1 contains an N-terminal homeodomain and a C-terminal SAWADEE domain 59 (FIG. 3b) . Using a peptide chip, the SAWADEE domain of SHH1 was shown to specifically bind to the H3K9me2 mark and to unmodified H3K4 (REF. 60 ). The subsequent crystal structure determination of the SAWADEE domain of SHH1 revealed a tandem tudor-like fold, with a unique zinc-binding motif within the second tudor domain 60 . Further, the structure of SHH1 SAWADEE domain with bound H3K9me2 peptide revealed the molecular mechanism underlying specific recognition of this histone mark (FIG. 3c) . The SAWADEE domain uses a classic three-aromatic-residue-lined cage to accommodate the H3K9me2 side chain (FIG. 3d) and a negatively charged pocket to specifically recognize unmodified H3K4 (REF. 60) (FIG. 3e) . Mutations that disrupt either the K4 or the K9me2 binding pockets reduced DNA methylation at RdDM sites 60 . Thus, SHH1 can directly target Pol IV to unmethylated H3K4 (H3K4me0)-containing and H3K9me2-containing chromatin regions, leading to the production of siRNAs from these sites.
The second step in RdDM involves the production of scaffold transcripts by RNA POLYMERASE V (Pol V; also known as NRPE) with the help of the DDR complex (which is composed of DRD1, a SWI and SNF2 chromatin remodeller; DMS3, a chromosomal architectural protein; and RDM1, with unknown function) 63 . ARGONAUTE 4 (AGO4), loaded with 24-nucleotide siRNAs, is thought to bind the Pol V transcripts 3, 64, 65 and recruit DRM2 to chromatin 66 . Although this second step seems to be independent of histone methylation, it requires the catalytically inactive histone methyltransferases SUVH2 and SUVH9, which bind methylated DNA via their SRA domains 36, 38 , creating a self-reinforcing loop between RdDM and existing DNA methylation 37, 39 . SUVH2 and SUVH9 have the same domain architecture (FIG. 3f) and redundant functions in the RdDM pathway 36 . They have an N-terminal SRA domain, which can recognize methylated DNA (modelled in FIG. 3g) and C-terminal pre-SET and SET domains, which were assumed to have histone methyltransferase activity 36, 67 . Studies on the structure of SUVH9 confirmed that its SRA domain adopts a fold capable of binding methylated DNA, and that the histone methyltransferase domain contains a pre-SET and SET domains, but it lacks the post-SET domain and thus forms an incomplete substrate-binding pocket, resulting in a catalytically inactive enzyme 37 . Importantly, targeting SUVH2 with a sequence-specific zinc finger led to DNA methylation of an unmethylated epiallele, showing that the tethering of SUVH2 results in the recruitment of Pol V and subsequent DNA methylation 37 . These results suggest that DNA methylation, through SUVH2 binding, has a role in targeting Pol V.
The final step of RdDM is catalysed by the de novo methyltransferase DRM2. DRM2, which is found in all higher plants, possesses the signature motifs of other type I methyltransferases, but their arrangement is different. DRM2 was identified in Arabidopsis spp. by genetic approaches and subsequent structural and functional studies have shed light on its molecular features and DNA targeting mechanism. The structure of its close homologue in Nicotiana tabacum DRM (which lacks the three UBA sequences towards its N-terminus; see FIG. 3h) was solved and found to have a dimer interface mimicking the mammalian DNA methyltransferase 3A (DNMT3A)-DNMT3L heterodimer interface 66 (FIG. 3i) .
The DNA methyltransferase domain of N. tabacum DRM retains the type I methyltransferase fold (FIG. 3j) despite rearrangement of methyltransferase sequence motifs 66 (FIG. 3j) . Biochemical studies established that Arabidopsis spp. DRM2 exists in complex with AGO4 and preferentially methylates one DNA strand. These results support a model in which DRM2 is guided to target loci through base pairing of AGO4-associated siRNAs with nascent transcripts 66 . The removal of active marks such as H3K4me3 and histone acetylation may function as indirect regulators of DNA methylation [68] [69] [70] [71] . Several groups have independently found that the histone H3K4me3 demethylase JMJ14 is a component of the RdDM pathway 68, 69, 71 ( FIG. 3a) . Mutations in JMJ14 do not affect de novo methylation by RdDM but instead affects maintenance methylation by RdDM 68 . More recently, the histone demethylases LDL1 and LDL2 were also shown to function in the RdDM pathway (FIG. 3a) . The evidence suggests that they remove H3K4me2 and H3K4me3 to allow for SHH1 binding and the synthesis of Pol IV-dependent siRNAs 71 . Similarly, the removal of histone acetylation can be linked to RdDM through HDA6 . HDA6 was recently shown to function upstream of Pol IV and siRNA generation, again suggesting that the active mark must be erased before the silencing signal is generated 76 .
The dependence of RdDM on both histone methylation (via SHH1) and DNA methylation (via SUVH2 and SUVH9) is readily observed in loss-of-function mutant plants. All RdDM sites lose both DNA methylation and H3K9 methylation in mutants lacking the H3K9 methyltransferases (in plants with mutations in kyp, suvh5 and suvh6) or lacking the non-CG methyltransferases (in ddcc mutants). The dependence of SHH1 on H3K9 is targeted by SAWADEE HOMEODOMAIN HOMOLOGUE 1(SHH1)-bound H3K4me0K9me2 (orange circles) to produce single RNA transcripts. The H3K4me0K9me2 state is regulated by the histone modification enzymes JMJ14, LDL1 and LDL2, KRYPTONITE (KYP) and HDA6. Pol IV produced RNA is replicated by Pol IV-associated RNA-DIRECTED RNA POLYMERASE 2 (RDR2) to generate double-stranded RNA, which is further processed by DICER-LIKE 3 (DCL3) and ARGONAUTE 4 (AGO4) to produce 24-nucleotide (nt) siRNAs which are loaded onto AGO4. Meanwhile, the DRD1, DMS3, RDM1 (DDR) complex is directed to the methylated DNA (green circle) region by its associated SUVH2 and SUVH9 and targets Pol V to produce scaffold non-coding RNA. siRNA-bound AGO4 can interact with Pol V either directly or indirectly through SPT5L and through base-pairing between siRNA and non-coding RNA to further target DNA 
SAWADEE

Major satellites
Refers to the 234 bp repeat sequence found in the pericentromeric region in mice.
Minor satellites
Refers to the 120 bp repeat sequences found in the centromeric region in mice.
Retroviruses
RNA viruses that use reverse transcriptase to convert their genome into DNA, which is then integrated into the host genome.
Repetitive element
A sequence that is found in multiple copies in the genome. Examples are telomeric repeats, transposable elements, and centromeric repeats.
Inactive X chromosome
One of the two X chromosomes in females is inactivated to prevent overexpression of X gene products in females compared to males. This silencing is done through formation of heterochromatin.
Primordial germ cell
A Cell that gives rise to both spermatozoa and oocytes. methylation, presumably, explains the drastic reduction in 24-nucleotide siRNAs in both the ddcc mutant and the kyp suvh5 suvh6 triple-mutant plants 40 .
MET1 methylation is independent of histone methyla tion. CG methylation in Arabidopsis spp. is maintained by the enzyme MET1 (REF. 77 ) and is dependent on three redundant variant in methylation (VIM) proteins 78, 79 . The VIM proteins are ubiquitin E3 ligases that also contain an SRA domain (that specifically binds hemimethylated DNA) and a PHD domain of unknown function 48, 80 . Homologues in mammals (such as UHRF1) have been investigated in more detail and are discussed below.
The observation that gene body methylation is not associated with H3K9me was the first indication that CG methylation is independent of H3K9me in plants 35 . However, CG methylation may attract some H3K9 methylation that is subsequently removed by the active histone demethylase IBM1 (REF. 81 ). Genomewide bisulphite sequencing in kyp suvh5 suvh6 mutant plants was found to have little effect on CG methylation, indicating H3K9 methylation is not required for targeting CG methylation 56 . Loss of MET1 activity in a met1 knockout is more complicated to interpret as it causes a reduction in non-CG methylation, and subsequently in H3K9me 40, 45, 47, 56 . The exact mechanisms coupling of CG and non-CG methylation are not understood.
DNA and histone methylation in mammals DNA methylation in mammals occurs primarily at CG residues; non-CG methylation is observed only in stem cells in the body of actively transcribed genes [82] [83] [84] [85] . Genome wide, 60-80% of the CG residues are methylated. However, in CpG islands and active regulatory regions only 10% of the CGs are methylated 84, 86 . These active promoters are protected from methylation, whereas other promoters are repressed by methylation during differentiation (see below). Methylation of repetitive DNA, which is found near centromeres and dispersed throughout the genome, is extremely important in maintaining genome integrity. In mice, two types of repetitive DNA are found near centromeres: major satellite s, in the pericentromeric region, and minor satellites, in the centromeric region 87 . The main classes of dispersed repetitive sequences include LINEs and SINEs (long and short interspersed nuclear elements) and long terminal repeat-containing endogenous retroviruses (ERVs).
There are three active DNA methyltransferases in mammals: DNMT1, DNMT3A and DNMT3B 88 . DNMT1 is primarily a maintenance methyltransferase and DNMT3A and DNMT3B are primarily de novo methyltransferases 89 ; however, it is clear that these distinctions are not absolute 90 . Depending on the type of repetitive element, DNMT1 can exhibit de novo activity and DNMT3A or DNMT3B may also be required for maintenance 90 . In mammals, DNA and H3K9 methylation are strongly associated 85, 91 . H3K9 methylation is catalysed by one of five members of the SET-containing SUV39 protein family: SUV39H1, SUV39H2, G9A, GLP, and SETDB1 (REFS 92-94 ). G9A and GLP catalyse mono-and dimethylation of H3K9 primarily found associated with silent genes in euchromatin 95 , while SUV39H1 and SUV39H2 are trimethyltransferases responsible primarily for centromeric and pericentromeric heterochromatin [95] [96] [97] . SETDB1 (also known as ESET) is an H3K9 trimethyltransferase responsible for methylating ERVs and the inactive X chromosome 98, 99 . Some of the histone methyltransferases contain domains that are also important for their targeting. SUV39H1 and SUV39H2 each contain a chromodomain, which binds H3K9me3 (REFS 92, 100) , and G9a and GLP proteins contain ankyrin repeats, which bind H3K9me1 or H3K9me2 (REF. 101 ). These enzymes therefore bind to the mark that they create on chromatin, facilitating a feedforward loop. Although the targets of these enzymes seem distinct, there is some evidence that at times they may act together in a single complex 102 .
Mutant analysis in mouse embryonic stem (ES) cells revealed that Suv39H1
-/-Suv39H2 -/-mice had reduced DNA methylation in major satellites but not minor satellites or C-type retroviruses 90, 103 , knockout of G9a in mouse ES cells resulted in DNA hypomethylation at specific loci throughout the genome 104, 105 , and knockout of Setdb1 resulted in minor loss of DNA methylation at a subset of loci including imprinted genes 99, 106 . No effect on H3K9 methylation was observed in Dnmt1
Dnmt3a
−/− Dnmt3b −/− mouse ES cells (the three DNA methyltransferase genes) 107, 108 . However H3K9 methylation was found to be dependent on DNA methylation in human cancer cells [109] [110] [111] . These differences may reflect the fact that mouse ES cells are undifferentiated and utilize different mechanisms for maintaining H3K9 methyl ation. As described below, there are numerous proteins involved in linking these two marks to the same genetic targets.
Establishment of DNA Methylation. Two waves of global demethylation occur in mammals: one in early embryogenesis and the other during primordial germ cell (PGC) specification 3 . Global de novo DNA methylation takes place around the time of embryo implantation and is accomplished through the activities of DNMT3A and DNMT3B. In PGCs, de novo DNA methylation is crucial for establishment of imprints and requires the catalytically inactive homologue DNMT3L 112 . Multiple mechanisms are involved in the initial establishment of methylation -some are independent, and others dependent, of H3K9 methylation 113 . At active promoters, CpG islands are protected from methylation by binding of transcription factors and recruitment of H3K4 methyltransferases 113 . The DNMT3 enzymes each contain an ADD domain (ATRX-DNMT3-DNMT3L) that recognizes unmodified H3 and is inhibited by H3K4 methylation [114] [115] [116] [117] [118] (FIG. 4a,b) .
Genetic evidence for the inhibitory effect of H3K4 methylation is also observed at imprinted genes, which fail to become methylated in cells reduced in a H3K4 demethylase 119 . During differentiation of mouse ES cells, some gene promoters undergo DNA methylation that is dependent on G9a or GLP. 126 genes in this category have recently been identified 120 . G9A and GLP-dependent H3K9me2 appears before DNA methylation, and DNA methylation is lost in cells with mutations in G9a or Glp. G9A and GLP can recruit DNMT3A and DNMT3B directly 120 or indirectly through the chromodomain protein MPP8, resulting in de novo DNA methylation 121, 122 . These interactions nicely explain the observation that DNA methyl ation is dependent on G9A, even in the absence of its catalytic activity 105, 120 .
The minor satellites found in the centromeres are associated with centromeric proteins (CENP) 87 . CENP-B (centromeric protein B) binds a specific sequence known as the CENP-B box 123 . Integration of naked DNA containing 32 copies of the human CENP-B box in mouse embryonic fibroblast (MEF) cells was shown to recruit SUV39H1 or SUV39H2 histone methyltransferases and lead to H3K9 trimethylation 123 . CENP-B is in a complex with CENP-A Nature Reviews | Molecular Cell Biology . The ADD domain, catalytic domain, and the modelled DNA are coloured in light brown, green, and red, respectively. The ADD domain interacts with the catalytic domain and blocks access to modelled DNA along one face. f | The structure of DNMT3a with captured H3K4me0 peptide together with a superposed model of bound DNA (PDB code: 4U7T). The bound peptide is shown in space-filling representation. Upon H3 peptide binding, the ADD domain interacts with the catalytic domain along another face that is positioned further away from the catalytic site, thereby releasing autoinhibition and providing access to modelled DNA. Panels e and f are aligned in the same orientation.
Retroelements
Transposable elements that move via the transcription of an RNA intermediate.
and CENP-C 124 and subsequent studies revealed that DNMT3B interacts directly with CENP-C. This targeting of DNMT3B by CENP-C results in DNA methylation independent of histone H3K9 methylation 125 . This is consistent with the observation that knocking out Suv39h1 and Suv39h2 in mouse ES cells does not affect DNA methylation in minor satellite repeats 90, 103 . In the major satellite repeats, SUV39H1 or SUV39H2 recruit DNMT3A directly, and this DNA methyl ation is lost in Suv39h1
Suv39h2
−/− mice 90, 103, 126 . Major satellites are also enriched in HP1, which has been shown to recruit DNMTs as well, which provides an additional method by which DNA methyl ation can be targeted to regions enriched in H3K9 methylation 126, 127 . HP1 not only binds H3K9me, but has been shown to interact with G9a and SUV39H1 or SUV39H2 (REFS 126, 128) . However, using a mutant Suv39h1 in which the HP1-interacting region was deleted, it was found that both H3K9me3 and DNA methylation could be restored to Suv39h1 −/− Suv39h2 −/− ES cells without restoration of HP1 binding 128 . Moreover, SUV39H1 and SUV39H2 are stable components of heterochromatin, whereas HP1 has a rapid on-off rate 129 . These results suggest that HP1 may act downstream of both H3K9me3 and DNA methylation unlike in N. crassa.
DNA methylation is established at a large subset of retroelements and retroviruses using a very different pathway. In early embryos, KAP (KRAB-associated protein A; also known as TRIM28) is targeted to specific sequences through zinc-finger proteins (such as KRAB-ZFP809) and recruits SETDB1, the H3K9 trimethyltransferase 108, [130] [131] [132] . Enrichment of H3K9me3 is found even in Dnmt1 −/− Dnmt3a −/− Dnmt3b −/− mutant ES cells, indicating DNA methylation is not required for recruitment of SETDB1 (REF. 108 ). Once established, though, DNMT1 and DNMT3B take over maintenance methylation 133 . At this point, KAP and SETDB1 are no longer required for silencing and H3K9me3 is lost 91, 108, 134, 135 . DNA methylation in gene bodies is associated with high levels of DNMT3B enrichment and association with RNA polymerase II 136 . This targeting may also involve the PWWP domain binding to H3K36me3, which is tied to transcription 4, 137, 138 .
De novo methylation is tightly linked to unmethyl ated H3K4. The ADD domain found in DNMT3A, DNMT3B and DNMT3L specifically recognizes unmethylated H3K4 (REFS 114, 115, 117, 118) (FIG. 4a,b ). DNMT3A and DNMT3L form a DNMT3L-DNMT3A-DNMT3A-DNMT3L tetramer (FIG. 4c) that, when modelled on nucleosomal DNA, positions the two DNMT3A active sites on adjacent DNA major grooves 139 . Such an alignment could facilitate DNMT3A-mediated methyl ation of a pair of CpG sites separated by one helical turn 139 , consistent with the observed 10 bp methylation periodicity 140 . The multiple ADD domains within the tetramer facilitate scanning and capturing the H3K4me0 state, coupling the reading of H3K4me0 and DNA methylation establishment. In addition to the ADD domain, DNMT3A and DNMT3B possess the PWWP domain at their N terminus 4 (FIG. 4b) . The DNMT3A PWWP domain recognizes the H3K36me3 mark 5, 85 . However, in mouse ES cells, using chromatin immunoprecipitation of tagged DNMT3A and DNMT3B, or in Saccharomyces cerevisiae that expresses a heterologous DNMT3B, it was found that DNMT3B, not DNMT3A, is specifically enriched at H3K36me3 sites and that recruitment is based on binding affinity 137, 138 . It has been reported that the histone tail can stimulate the enzymatic activity of mammalian de novo DNA methyltransferase DNMT3A 70, 141 . Recent structural studies on this system revealed that in the absence of the H3 tail, the ADD domain of DNMT3A specifically interacts with the catalytic domain, with the binding interface positioned on one face of the active site 142 (FIG. 4d) . In such an alignment, the ADD domain blocks access of the substrate DNA to the active site of the catalytic domain, reflecting an autoinhibitory mode of the enzyme 142 (FIG. 4e) . When the ADD domain interacts with an H3K4me0 (but no H3K4me3) peptide, DNMT3A undergoes a substantial conformational change, which exposes two acidic residues that are important for mediating the interaction between the ADD domain and the catalytic domain in the auto-inhibitory conformation. As a result, the H3 peptide-bound ADD domain interacts with another face on the catalytic domain, resulting in the release of auto-inhibition (FIG. 4f) . The H3K4me0 peptide-bound ADD domain allows access of the DNA to the catalytic site, thereby facilitating the methylation reaction, and revealing the allosteric regulatory role of histone H3 in DNA methylation 142 .
Maintenance DNA Methylation by DNMT1. Maintenance DNA methylation takes place at replication foci shortly after the DNA is replicated. DNMT1 is primarily responsible for this methylation and is recruited to replication foci by PCNA and other factors 143 . Direct interactions between DNMT1 and SUV39H1, SUV39H2 or G9a may play a role in targeting both types of histone methyltransferases to the appropriate sites during replication 143 . In addition to these direct interactions, adaptor proteins have been found to be essential for maintaining DNA methylatio n in the appropriate regions.
Structural studies of DNMT1 have established how a combination of active and auto-inhibitory mechanisms ensures the high fidelity of DNMT1-mediated maintenance DNA methylation 144, 145 . DNMT1 has a replication foci domain (RFD), a CXXC domain and two BAH domains in addition to the DNA methyltransferase domain (FIG. 5a) . Structural studies on DNMT1 using a construct lacking the RFD revealed that the CXXC domain of DNMT1 can specifically recognize unmethylated CpG DNA (FIG. 5b) , thereby positioning a loop that connects the CXXC and BAH1 domains between the active site of the DNA methyltransferase domain and the DNA. Such an alignment constitutes an auto-inhibitory conformation preventin g potential de novo methylation activity 144 .
Nature Reviews | Molecular Cell Biology In a construct lacking both the RFD and CXXC domains, the DNA targets hemimethylated DNA, with the cytosine in the target strand looped out and anchored in the catalytic pocket 145 (FIG. 5c) . In the structure of this complex, side chains from catalytic and recognition loops insert from both grooves to fill an intercalation site cavity associated with a dual base flip-out on partner strands (FIG. 5d) . The DNA is positioned outside the binding pocket in the autoinhibitory complex 144 , while it fits snugly within the binding channel in the productive complex 145 (FIG. 5e) .
By contrast, in the absence of DNA substrate, the N-terminal RFD domain of DNMT1, which targets the protein to the replication fork, blocks the DNA substrate binding site of the DNA methyltransferase domain (FIG. 5f) , achieving an auto-inhibitory effect in the free state 146 . The C-terminal catalytic cassette of DNMT1 is composed of two tandem BAH domains of as yet unknown function and the DNA methyltransferase domain (FIG. 5a) which can convert hemimethylated CG DNA to full methylated DNA using the methylated parental strand as a guide to target the daughter strand 145 . To date, there is no direct evidence supporting interaction between histones and DNMT1, although the BAH1 domain of DNMT1 contains an aromatic cage 144 , and BAH domains have been identified as histone binding modules for methylated lysine residues 147, 148 .
UHRF1 is an adaptor between histone methylation and DNMT1. The VIM homologue UHRF1 (ubiquitin-like, containing PHD and RING finger domains 1; also known as ICBP90 in humans and NP95 in mice) is a key adaptor protein. Early studies showed that knockout of Uhrf1 resulted in reduction in DNA methylation similar to knockout of Dnmt1 , indicating that UHRF1 is required for DNMT1 function (FIG. 5g) . More recently, bisulphite sequencing in mouse ES cells revealed that knockout of Uhrf1 was more effective than knockout of Dnmt1 at reducing methylation, suggesting it may be functioning with other methyltransferases in addition to DNMT1 (REF. 90 ). This multi-modular protein contains five recognizable domains: PHD, tandem tudor domain, SRA, RING (real interesting new gene), and UBL (ubiquitin-like) (FIG. 5h) . The tandem tudor and PHD finger domains act together to function as a histone-reader cassette. The tandem tudor domains specifically recognize the H3K9me3 mark using a classical aromatic cage recognition mode (FIG. 5i) , while the PHD finger both assists the tandem tudor recognition of H3K9me3 and recognizes unmodified H3R2 (FIG. 5i) .
A recent report biochemically identified a lipid m olecule (phosphatidylinositol 5-phosphate) bound to UHRF1, and showed that it could regulate the co operative binding by the tandem tudor and PHD finger domains 159 . In the absence of phosphatidylinositol 5-phosphate, UHRF1 recognizes the unmodified H3 tail predominately through the PHD finger 159 . Phosphatidylinositol 5-phosphate allosterically regulates UHRF1 so that the tandem tudor domain preferentially binds to the H3K9me3 mark 159 , revealing a dynamic regulation of UHRF1 binding specificity.
In addition to binding to the methylated H3K9 tail (FIG. 5i) , UHRF1 binds hemimethylated CG residues generated at replication foci via its SRA domain 149, 150, [160] [161] [162] [163] (FIG. 5j) . A number of groups were able to detect direct interactions between UHRF1 and DNMT1 suggesting a direct recruitment and activation model [164] [165] [166] [167] . However, an alternative model was proposed when it was discovered that the UHRF1 RING domain functions to ubiquinate H3K23 and is required for the recruitment of DNMT1 to chromatin 151, 168, 169 . The second model proposes that UHRF1 recognizes hemimethylated DNA that is bound by H3K9me3-containing nucleosomes and ubiquinates H3K23 (REF. 169 ). DNMT1 then binds ubiquinated H3K23 through its RFD domain 170 , which induces a conformational change in DNMT1 that promotes its activation 169 .
Conclusions
Histone and DNA methylation have important and connected roles in the epigenetic control of gene expression in all three kingdoms of eukaryotic organisms. In some cases the relationships between these two epigenetic marks are linear. For example, histone methylation in N. crassa. is clearly upstream of DNA methylation. In other cases the relationships are more interdependent. In plants, for example, histone and DNA methylation are linked in a codependent feedforward loop, and RNA-directed DNA methylation both promotes, and is dependent on, histone and DNA methylation through self-reinforcing loop mechanisms. In mammals the situation is more complex. DNA methylation in some genomic sites is dependent on histone methylation, whereas at other sites histone and DNA methylation occur independently; at yet other sites there is evidence of self-reinforcing loops. Thus, whereas links between histone and DNA methyl ation are present in fungi, plants, and animals, the relationship s vary widely. Although much has been learned about the mechanisms by which histone and DNA methylation control gene expression, there are many aspects yet to be uncovered. For example, although we have structural information about the interaction of specific chromatin domains with particular epigenetic modifications, there are still very few studies of the interaction of chromatin proteins with their native substrate, the nucleosome. In addition, for DNA methyltransferase enzymes that are stably localized to chromatin, such as CMT3 in plants and DNMT3s in mammals, it is not clear if these proteins play roles in chromatin compaction separate from their roles in modifying DNA. More generally, while tremendous progress has been made in understanding the enzymes controlling epigenetic marks, much less is known about the processes downstream of these marks that ultimately control the activation or repression of genes.
